Hyperpolarization-activated, cyclic nucleotide-gated channels (HCN channels) are expressed widely in the brain and invovled in various neuronal activities, including the control of neuronal rhythmic activity, setting the resting membrane potential, as well as dendritic integration. HCN channels also participate in the regulation of spontaneous activity of midbrain dopamine (DA) neurons to some extent. In slice preparations of midbrain, a hyperpolarization-activated non-selective cation current (Ih) mediated by the channels has been proposed as an electrophysiological marker to identify DA neurons. Recent evidence, however, shows that the functional roles of HCN channels in midbrain DA neurons are obviously underestimated. Here, we review the recent advances in the studies of the functional roles of Ih in midbrain DA neurons and further, their involvement in drug addiction and Parkinson's disease.
Introduction
Since the discovery of dopamine (DA) as a neurotransmitter in central nervous system (CNS) fifty years ago, central DA system has been under intensive studies because of its importance in brain physiology and diseases. Altered DA system is associated with various neurological and mental disorders such as Parkinson's disease (PD), schizophrenia and drug abuse. In midbrain slices and cultured midbrain neurons, one of the electrophysiological characteristics to identify DA neurons is the presence of hyperpolarization-activated non-selective cation current (Ih), which is mediated by the hyperpolarizationactivated, nucleotide-gated channels (HCN channels), in response to membrane hyperpolarization. Recent information indicates that HCN channels play important roles in the functional modulation of DA physiology and pathophysiology of related diseases. In this article, we will review the recent progress in functional implications and regulatory roles of HCN channels in midbrain DA neurons.
Midbrain DA system
Midbrain DA neurons originating from substantial nigral par compacta (SNc) and ventral tegmental areas (VTA) innervate wide and discrete brain areas through three major pathways: (1) Nigrostriatal DA pathway that connects SNc and dorsal striatum and participates in motor control [1] . The degeneration of this dopaminergic projection has been implicated in pathogenesis of Parkinson's disease (PD) [2] . (2) Mesolimbic DA pathway is the dopaminergic projections from VTA to limbic structures [3] and has been proposed to be the major mediator for behavioral responses to rewarding and reinforcement and also served as the main target for psychostimulants [4] . (3) Mesocortical DA pathway which arises from VTA DA neurons, and mainly projects to the frontal cortex [3] . The pathway is speculated to be essential in the control of executive functions [5] and its abnormality has been proposed to be closely associated with the pathophysiology of mental disorders such as schizophrenia [6] .
Electrophysiological characteristics of DA neurons
The midbrain DA neurons in vivo have been characterized with extracellular and intracellular recording techniques combining with histochemical fluorescence methods during [7] [8] [9] . DA neurons could be identified by in vivo extracellular recording technique according to their unique electrophysiological and pharmacological properties, such as a relatively low spontaneous firing rate (<10 Hz), long duration of action potentials (>3.0 ms) with biphasic or triphasic waveforms, and their sensitivity to D 2 -like receptor agonists/antagonists. Two firing patterns have been observed in midbrain DA neurons in vivo: single-spike firing and short cluster-spike of burst firing. The two distinct firing patterns lead to different modes of DA release in brain regions innervated by their fiber terminals. The irregular single-spike firing maintains the tonic DA level in extracellular space, while burst firing induced by the afferent stimuli causes robust and transient phasic DA release in synaptic cleft [10] , which would be rapidly removed by DA transporters [11] . Synaptic transmission is mainly mediated by the transient phasic DA release, while the tonic DA release determines the basic stimulation level of both autoreceptors and postsynaptic receptors, further influencing the intensity of phasic DA response. Therefore, extracellular tonic DA level, to some degree, influences the efficacy of the synaptic information transmission associated with the phasic DA release [11] . Because of the distinct functional consequences between the two firing modes, the mechanism underlying the transition from single-spike firing to burst firing has attracted wide attention in understanding the functional regulation of DA neuron [12] . In contrast, DA neurons in VTA or SNc slice preparations display only regular pacemaker like single-spike firing without bursting. The loss of burst spiking in deafferented preparations has been attributed to the loss of synaptic input from other brain areas, which is essential for the burst firing of DA neurons [10, 12] . Moreover, DA neurons in vitro display a large amplitude, slowly activated current (Ih) without timedependent inactivation in response to prolonged membrane hyperpolarization. Lacey et al carried out a pioneering study to identify the cell types in SNc slices two decades ago [13] , since then Ih has been advocated as a hallmark of DA neurons in SNc and VTA slices, although this standard has recently been challenged [14] .
Is Ih a hallmark of VTA DA neurons?
In slice preparations of midbrain, Ih has been proposed as an electrophysiological marker to distinguish DA neurons from the non-DA cells [15, 16] . However, the classic criterion was established based on the data obtained from SNc where up to 95% of neurons contain DA and comprise a relatively distinct layer [13] . Considering anatomical proximity of VTA and SNc, the criterion is also applied for identification of VTA DA neurons. However, DA-containing neurons compromise only 50%-60% of the total VTA cells and scatter sparsely in a large volume [17] . It is noted that the criterion for identifying VTA DA neurons has been challenged recently [14] . Margolis et al concluded that no physiological and pharmacological properties thus far examined were reliable indicators for VTA DA neurons. They also found that display of Ih in VTA slices did not definitely represent a DA neuron, while the absence of Ih always indicated a VTA neuron not being dopaminergic [14] . Consistently, Lammel et al. reported that a subpopulation of VTA DA neurons projecting to prefrontal cortex did not display pronounced voltage sag in response to hyperpolarizing current injection, indicating a lack of HCN channels expression [18] . However, it was found in mice brain slices that 98% VTA neurons exhibiting Ih is also TH positive, indicating a high correlation between the presence of Ih and DA containing [19] . Considering the diversity of VTA neurons [17, 20, 21] , only immunohistochemical, instead of electrophysiological, pharmacological and morphological characteristics can be used to confirm the recorded neurons in midbrain slices as dopaminergic in nature.
Properties of HCN channels
A family of HCN channels were cloned about ten years ago [22] . Currents recorded from heterologous expression of HCN channels in HEK293 cells displayed the main properties of native Ih, confirming that HCN channels are the molecular basis underlying Ih current [22] . HCN channels are widely expressed in CNS, despite its first discovery in sinoatrial cells [23] . Under physiological conditions the channels are activated between -70 to -140 mV with slow activation kinetics without time-dependent inactivation (Figure 1) . It has been proposed that HCN channels participate in setting and limiting the resting membrane potential (RMP) in a variety of neurons. Activation of HCN channels leads to both K + /Na + influx ( Figure 1 ) with a permeability ratio range from 3:1 to 5:1, deriving value for reversal potential between -20 to -30 mV. Interestingly, voltage sensor of HCN channels is similar to the voltage sensors of depolarization-activated ion channels, but with opposite gating polarity. The mechanisms www.nature.com/aps Chu HY et al Acta Pharmacologica Sinica npg underlying this discrepancy remain unclear [24, 25] . The pioneering work by Magee et al found that the mean current density of Ih at the soma (1.8 pF/μm 2 ) of hippocampal CA1 pyramidal is almost 6-fold lower as compared with a density of 12.5 pF/μm 2 recorded at the dendrites located 300-350 μm away from the soma [26] , indicating a spatial gradient of HCN channels across somatodendritic axis of hippocampal CA1 pyramidal neurons. The passive properties of dendrites tend to attenuate the amplitude of EPSPs and to slow down their kinetics as they propagate from distal dendrites to the soma (the filtering effects of dendrite). Dendritic filtering effects would facilitate the temporal summation of distal EPSPs conducting towards the soma. The density gradient of HCN channels efficiently counteracts the dendritic filtering effects. The rising phase of EPSP leads to rapid deactivation of resting HCN channels, thus reduces the inward Ih and increases effective net outward currents that will hyperpolarize the membrane and accelerate the decay of EPSP. The higher density of HCN channels in the distal dendrites makes distal EPSP decay faster with shorter duration. At the soma, the temporal summation of EPSPs is more dampened for distal than proximal inputs. As a result, the temporal summation of all inputs reaching the soma is nearly equal [24] . Additionally, the voltage-dependent activation and deactivation of HCN channels always actively opposite to the deviation of the membrane potential away from the resting membrane potential. The unique properties of HCN channels make them a very unique "molecular machine" to modulate the intrinsic neuronal excitability and the responsiveness to afferent information. Together, the physiological functions of HCN channels in CNS are summarized as following: (1) participating in the pacemaker activity of spontaneously activated neurons; (2) setting and controlling neuronal RMP; (3) regulation of membrane input resistance and the synaptic integration; (4) modulation of neurotransmission and synaptic plasticity (see references 24, 25 for more details).
Regulation of HCN channels
Regulation by cyclic neucleotides HCN channels are tightly regulated by cyclic neucleotides. Both cAMP and cGMP could directly bind to the highly conserved cyclic-neucleotide bindng domain (CNBD) on the C-terminus of the channel, leading to an acceleration of the channel activation and a significant shift of the activation curve (0 to +20 mV) to positive voltage [24] . Although both cAMP and cGMP enhance the activity of HCN channels in a similar way, the apparent affinities of HCN channels are about 10-fold higher for cAMP (K a =0.5 μmol/L) than that for cGMP (K a =6 μmol/L) [22] . Therefore, neurotransmitters or exogenous compounds (eg drugs) should be able to regulate the activity of HCN channels in a cAMP-dependent manner to fullfil their phyisological or therapeutical actions [27] [28] [29] [30] [31] [32] [33] [34] [35] . For example, a recent study suggested that HCN channels and α 2A -adrenoceptors are co-localized in dendritic spines in PFC and stimulation of postsynaptic α 2A -adrenoceptors strengthens working memory through inhibition of cAMP, closing HCN channels and strengthening the functional connectivity of PFC networks [35] . In contrast to the action of α 2A -adrenoceptors, stimulation of D1 receptors, which are also expressed extensively in the spines in superficial PFC [36] , increase the intracellular cAMP levels. Thus it has been speculated that the activation of D1 receptors, leading to an up-regulation of HCN channels activity, should weaken the functional connectivity of PFC networks. Therefore, activation of D1 receptors on the spines will be accompanied by a selective inhibition of irrelevant afferent information ("noise") from nonprefered spatial direction [35, 37] . Whereas the modulation of the activity of HCN channels by D1 receptors in PFC and its physiological significance remain unclear and needs more direct evidences to support this speculation.
Regulation by PIP 2
In addition to cyclic neucleotide, phosphatidylinositol 4,5-bisphosphate (PIP 2 ), as a ligand, could also bind directly to HCN channels from the intracellular side and shift the activation curve of HCN channels about +20 mV to positive volt age [38, 39] . The modulation of HCN channels by PIP 2 is distinctly different from that of cAMP since the effets of PIP 2 persisted in the channels lacking of CNBD [38] . Given the extensive voltage shift in the V 1/2 of channel activation curve, the gating of HCN channels by PIP 2 should exert profoundly impact on the Ih physiology, for example, its role in the neuronal autonomous activity [38] . However, the exact mechanisms underlying the interaction between PIP 2 and HCN channels and the physiological significance for the regulation of HCN channels by PIP 2 need to be further investigated.
Regulation by protein kinase Similar to other voltage-gated ion channels, the phosphorylation/deposphorylation of HCN channels is indeed a modulatory factor to regulate the activity of the channels. It has been demonstrated that Ih could be regulated by tyrosine phosphorylation through Src kinase under physiological conditions in neurons [40] . Moreover, serine/treonine kinase, p38-MAP kinase is also a strong modulator of HCN channels [41] . In hippocampal pyramidal neurons, up-regulation of Ih via activation of p38-MAP kinase caused an approximately +11 mV positive shift in V 1/2 of Ih activation curve, accompanied by a depolarization of resting potential, and a reduction in temporal summation [41] . All these studies indicated the control of the phosphorylation status of HCN channels is a pivotal mechanism to modulate the properties of Ih under different physiological or pathophysiological conditions.
Generally, the expression and activity of HCN channels are dynamically regulated by cytolic proteins (eg protein kinase, scaffold proteins) and small molecular factors (eg cAMP, H + , Cl -). Whereas the regulation of HCN channels is not the major topic of the present article, we just give an overview of HCN channel modulators in this section (Please see Reference 24 for intensive discussion about the regulation of HCN channels in CNS). 
Expression of HCN channels in midbrain DA neurons
The four cloned HCN subunits thus far display differences in the biophysical properties and the distribution in CNS. For instance, HCN1 subunit shows a fastest kinetics while HCN4 is the slowest one in response to membrane hyperpolarization [42, 43] . On the other hand, HCN1 is less sensitive to cAMP than HCN2 and HCN4 [44, 45] . HCN1 is mainly expressed in neocortex, hippocampus, cerebellar cortex and brain stem. HCN2 subunit is widespread throughout the brain with the highest expression in thalamus and brain stem. HCN3 distributes sparsely with the lowest expression level in CNS, whereas the expression of HCN4 is limited to some brain regions such as thalamus and olfactory bulb [43, 46] .
In the midbrain DA neurons, only the mRNA of HCN2-HCN4 were detected in SNc DA neurons by using qualitative single-cell RT-mPCR or in situ hybridization [43, 47] . Consistent with the lack of HCN1 subunit, the activation time constants of native Ih recorded in SNc DA neurons (τ: 0.5 to 5 s) at -80 to -120 mV are dramatically larger than those obtained from neocortical and hippocampal pyramidal neurons (τ: 50 to 500 ms). Moreover, native Ih in SNc DA neurons is also more sensitive to cAMP than its counterparts in hippocampus pyramidal neurons [47] , which is also in line with the different sensitivity to cAMP between HCN1 and the other HCN subunits. It seems to be convincing that the Ih current in SNc DA neurons is mainly mediated by HCN2-HCN4 subunits. Given the heterogeneity of VTA DA neurons, the expression and distribution of HCN channels seem to be more complicated than the neighboring SNc. Recent studies indicated that a subpopulation of VTA DA neurons possessed almost no functional HCN channels [18, 48] , whereas Morgolis EB et al [14] indicated that the absence of Ih reliably predicted a VTA neurons was non-dopaminergic. This discrepancy maybe attribute to the different species (rat or mouse) and ages (Postnatal 12-16 days, Postnatal 20-36 days or 3-month-old adult) of the animals as well as the methodological considerations. When the expression pattern of HCN subunits was considered, although there is no direct evidence for the lack of HCN1 in VTA DA neurons, it is most likely that HCN1 is absent in this region according to its overall expression pattern throughout the brain [47] . Interestingly, studies in entorhinal cortical stellate cells indicated that HCN1 subunits play a pivotal role in setting the resting membrane conductance and low-frequency fluctuations in membrane potential [49] , the physiological significance of lack of HCN1 subunits in the midbrain dopamine neurons remains unknown and needs to be further addressed.
In addition, a recent study implicated that HCN channels are mainly located at the dendrites of VTA DA neurons in comparison to the soma, which has been speculated to preferentially influence the burst firing of VTA DA neurons [50] . However, there still lack of direct evidences for the somatodendritic spatial gradient of HCN channels in VTA DA neurons and more detailed investigations are needed in the future.
Functional roles of HCN channels in the modulation of DA neuron activity HCN channels and autonomous activity of DA neurons The neuronal resting membrane potential is determined by the balance of the membrane background conductance to permeable ions, such as the resting K + background conductance through K2P channels [51] and Na + background conductance through the recently characterized NALCN channel [52] . HCN channel, which is permeable to both K + /Na + , starts to open at a membrane potential of -70 mV and also participates in the setting of neuronal resting membrane potentials. The resting membrane potential of DA neurons is usually between -55 to -40 mV [7, [53] [54] [55] . Therefore, the role of HCN channels in setting of resting membrane potential and the spontaneous firing of DA neurons is rather complicated. It has been reported that substantial reduction of Ih by extracellularly application of 1 mmol/L Cs + did not affect the spontaneous activity of DA neurons significantly [53] . However, recent studies show that blockade of Ih by the specific HCN channel blocker ZD7288 (10 to 30 µmol/L) or inhibitor of PIP 2 synthesis wortmannin (10 µmol/L) reduced the spontaneous firing activity in a subpopulation of DA neurons [34, 38, 48, 56] . Whereas there is one study implicated a small but significant increase in the firing rate of VTA DA neurons [57] . The discrepancy might be ascribed to: (1) different agents used to block HCN channels (nonspecific Cs + vs specific blocker ZD7288) and recording methods used (extracelluar recording or whole-cell patch clamp). (2) different ages and species of animals used since that age-dependent increase of functional HCN channels has been reported in mouse hippocampal pyramidal neurons [58] . Additionally, HCN channels together with persistent Na + channels participated in the pacemaker activity of SNc DA neurons only in the first three weeks after birth, thereafter the importance of HCN channels in pacemaker activity of SNc DA neurons was progressively replaced by Ca v 1.3 channels [59] . (3) The heterogeneity of midbrain DA system: midbrain DA neurons are not a single population of neurons but distinct neuronal populations with diverse neurochemical and functional properties [21] .
HCN channels and AHP
In all subtypes of midbrain dopamine neurons, HCN channels regulate the amplitude and duration of the afterhyperpolarization (AHP) that follows action potentials [18, 19, 34, 48] . During AHP after a burst firing, the membrane potential is likely to be more negative than -70 mV and thus activates HCN channels, which leads to a reduction in amplitude and duration of AHP. It has been reported in VTA DA neurons that neurotransmitters such as serotonin [60] and norepinephrine [50] reduced Ih, leading to an enhancement of the amplitude and duration of AHP after bursting and a reduction of neuronal excitability. The activation of HCN channels and the down-regulation of DA neuron excitability would filter off lots of synaptic inputs and further inhibit the burst firing DA neurons that depends on the excitatory afferent inputs [12] . Recently, HCN channels were suggested to participate in [61] . It was shown that the bidirectional interaction between DA neurons pairs is mainly mediated by D 2 -like receptors and HCN channels, and the authors propose that there is a subpopulation of synaptic D 2 -like receptors coupled with HCN channels, rather than with certain potassium conductance to mediate the response of chemical transmission between DA pairs. However, this hypothesis is hampered because of the lack of morphological or other more direct evidences on molecular level to support the inference.
HCN channels as modulatory targets for the activity modulation of DA neurons HCN channels are targets for many neurotransmitters and drugs for modulating the activity of DA cells [34, 50, 60, 62, 63] . As discussed in the previous section, the activity of HCN channels is sensitive to many factors, such as cAMP, PIP 2 and protein kinase, thus any alteration in the activity of postsynaptic receptors are very likely to induce changes in the function of HCN channels, further influencing the activity of DA neurons. For example, serotonin dramatically inhibited HCN channels in VTA DA cells through activation of 5-HT 2A receptors and such an effect may be involved in the serotonin-induced potentiation of auto-inhibition of the spontaneous firing rate of VTA DA neurons [60] . In addition, activation of D 2 -like receptors in DA neurons would dramatically reduce Ih , which is secondary to the activation of potassium conductance [50, 62, 64] . For instance, the modulation of Ih by norepinephrine in VTA DA neurons has been attributed to its non-specific stimulation of D 2 -like receptors. Activation of D 2 -like receptors opens G-protein coupled inward rectifier potassium (GIRK) channels and increases the membrane conductance, which leads to a poor voltage clamp of the sites distant from recording electrode. Thus norepinephrine-induced suppression of Ih in VTA DA neurons appears to result from the inefficient space clamp of neurons [50] .
The role of DA neuron HCN channels in neurological diseases
HCN channels and drug addiction
The mesolimbic DA system plays a critical role in mediating the rewarding effect and reinforcement in drug addiction. Although HCN channels express extensively in VTA DA neurons, its role in drug abuse is largely unknown. An early study using intracellular recording in brain slices reported that ethanol (20-320 mmol/L) increased the firing rate of VTA DA neuron in a concentration-dependent manner and decreased the amplitude of AHP as well as the neuronal input resistance via an augmentation of Ih in VTA DA neurons [65] . Consistently, a recent study shows that HCN channels in VTA DA neurons may be the target of ethanol in mice. Ethanol-induced increase in the firing rate of DA neurons was blocked by ZD7288 [34] . And ethanol not only increased the amplitude of VTA DA Ih current, but also accelerated the activation of Ih as well as shifted the V 1/2 of activation curve of Ih about +3 mV to positive potentials, indicating an augmentation of Ih by ethanol. Moreover, chronic ethanol exposure reduced the density of Ih in VTA DA neurons [34] . It has been proposed that down-regulation of HCN channels would enhance auto-inhibitory effects of DA through D 2 -like receptors in vivo [60] and alter dendritic membrane resistance, further influencing neuronal dendritic information integration. Based on these data, Okamoto et al proposed that Ih may serve as an important cellular mechanism in the rewarding effects of ethanol [34] . This is supported by the study of Migliore et al in which they showed that ethanol, through its effects on Ih, could produce dramatic alterations in the temporal pattern of the firing of DA neurons, and lead to a significant changes in dopamine release in specific brain regions [66] . It should be noted that ethanol-induced stimulation of the firing of VTA DA neurons is not entirely mediated by Ih since ZD7288 (30 μmol/L) failed to abolish the excitatory effects of ethanol in a minor population of the neurons recorded [34] . Indeed, there are studies reported that ethanol-induced excitattion may involve other mechanisms such as multiple types of K + channels [67] . An important characteristic for the cellular substrate of drug addiction is that it should be shared by different drugs. Whether HCN channels are the common target of different abused substances such as cocaine and morphine? To answer the question, further research involved in different kinds of psychostimulants needs to be conducted.
HCN channels and Parkinson's disease
Progressive degeneration of SNc DA neurons is the main pathology of PD. Thus, developing neuroprotective agents that can prevent or delay the progressive loss of SNc DA neurons become an attractive therapeutic strategy for PD.
SNc DA neurons are autonomous pacemakers and their spontaneous activity is responsible for the sustained DA release to maintain extracellular tonic DA level, which plays an important role in the normal functions of target regions such as striatum and the limbic system [11] . Based on the facts that dihydropyridines slowed down or stopped pacemaking [68] [69] [70] [71] , it was suggested that pacemaker activity in SNc DA neurons depends on the voltage-gated L-type Ca 2+ channels. This viewpoint, however, was challenged by recent studies [59, 72] . It was shown that neither pharmacological blockade of L-type Ca 2+ channels nor knockout of Ca v 1.3 affected the pacemaker activity of SNc DA neurons. Furthermore, after the functional down-regulation of Ca v 1.3 channels, its role in pacemaking firing was progressively switched to HCN channels and persistent Na + channels, which were used in early life (within first 3 weeks after birth) [59] . Therefore, the L-type Ca 2+ channels appears to participate in the pacemaking of SNc DA neurons but not essential to its autonomous activity.
The transition of pacemaker current from L-type Ca 2+ channels to HCN channels and persistent Na + channels may imply a significant neuroprotective effect. It has been proposed that Ca 2+ , which influxes through the L-type Ca 2+ channels during its broad action potentials of SNc DA neurons, promotes 1041 www.chinaphar.com Chu HY et al Acta Pharmacologica Sinica npg the selective death of neuron in this region [73] . Accordingly, when the L-type Ca 2+ channels were blocked by dihydropyridines, SNc DA neurons exhibited reduced sensitivity to toxins (MTTP, 6-OH-DA) [59] . Moreover, clinical data also show that patients who use dihydropyridines to control hypertension exhibited a 30% to 50% lower incidence of PD [74] . Taken together, HCN channels, plus persistent Na + channels, as a part of pacemaking mechanisms of SNc DA neurons, may play a critical role in the prevention and therapy of PD.
Conclusion
Although critical functional roles of HCN channels are well known in other brain regions, their importance in the regulation of midbrain DA system remains to be explored. The dysfunction of midbrain DA system is involved in PD, drug addiction, as well as in schizophrenia. Given the importance of HCN channels in neuronal passive and active membrane properties and its roles in dendritic integration, synaptic transmission, long-term potentiation, neuronal oscillation, motor learning, and working memory [24] , it is conceivable that the alteration of HCN channels in DA system may elicit important functional consequences associated with PD, schizophrenia and drug addiction. Studies of regulatory mechanisms of HCN channel in DA neurons may not only provide new insights to the midbrain DA system in physiology and pathology, but also implicate a novel target of drug discovery and therapeutic strategy for related neurological disorders.
